We have developed a method to probe the temperature of surface state electrons (SSE) above a superfluid Helium-4 surface using the Seebeck effect. In contrast to previously used SSE thermometry, this technique does not require detailed knowledge of the non-linear mobility. We demonstrate the use of this method by measuring energy relaxation of SSE at 1.6 K in a microchannel device with 0.6µm deep helium. In this regime, both vapor atom scattering and 2-ripplon scattering contribute to energy relaxation to which we compare our measurements. We conclude that this technique provides a reliable measure of electron temperature while requiring a less detailed understanding of the electron interactions with the environment than previously utilized thermometry techniques.
Surface state electrons (SSE) above superfluid Helium-4 constitute a remarkable non-degenerate twodimenstional electron gas (2DEG) [1, 2] . These SSE float in the vacuum ∼ 11nm above the superfluid surface due to a confining potential formed by an attractive image charge in the helium and a repulsive barrier at the surface. SSE exhibit exceptional isolation from the environment. Elastic scattering processes are often used to describe the interaction of SSE with the environment using the electron mobility, which can reach values exceeding 10 8 cm 2 /Vs [3] . Of equal importance are the inelastic scattering processes which are characterized with the energy relaxation of SSE.
There is a great deal of interest in understanding inelastic scattering of the SSE. Inelastic processes [4] [5] [6] [7] are fundamental for understanding and describing a wide variety of SSE phenomena including non-linear transport [4, [8] [9] [10] [11] and microwave absorption line shapes [12] [13] [14] [15] . Further, renewed interest in these processes has emerged with the realization that the energy relaxation rates determine the coherence times of Rydberg state based SSE qubits [6, [16] [17] [18] [19] [20] .
Electron thermometry is crucial for experimental measurement of energy relaxation, but thermometry of hot SSE presents a serious challenge. The lack of ohmic contacts and the exceptionally low densities preclude the use of many electron thermometry techniques developed for solid state systems [21] . Instead, a common measure of the electron temperature, T e , has relied on the non-linear mobility of SSE [9, 10, [22] [23] [24] [25] [26] . While this approach has proven fruitful, the relationship between the mobility and T e can be complex and is known only under limited experimental conditions. While other approaches to electron thermometry have been demonstrated for SSE, they are either confined to the Wigner crystal regime [27] or unable to measure the temperature of hot electrons [28] .
In this paper, we describe and demonstrate the use of the Seebeck effect to measure the temperature of hot SSE in a helium microchannel device. With the known thermopower of a non-degenerate 2DEG, we show that density measurements of a locally heated region of SSE can be related to a change in electron temperature. Follow- ing a description and characterization of the microchannel device, we present measurements of electron heating at a helium bath temperature of 1.6K. We find that these temperature measurements closely follow the predictions for energy relaxation which include contributions from both vapor atom and 2-ripplon scattering. We conclude that the Seebeck effect is an effective and flexible means by which to measure the temperature of hot SSE.
It is well known that the Seebeck effect describes a voltage, V S , which develops due to a temperature gradient, ∆T , across a conductor with V S = Q∆T where Q is referred to as the thermopower. In traditional solid state systems, the thermal voltage across a 2DEG can be measured with two voltage probes at different temperatures. For SSE, direct measurements of electronic potentials are complicated by the necessary capacitive contact to the 2DEG. Instead, we use a new method, diagrammed in Fig.1a with a large reservoir containing electrons thermalized to the helium bath temperature T He . The Seebeck voltage develops between these two regions. If the area of the reservoir is much larger than the hot electron region, then there is a well defined change in the number of electrons in the hot region of ∆N e = Cs e Q(T e − T He ) where C s is the capacitance between the SSE in the hot electron region and the underlying electrode in that region, referred to as the sense electrode. With the sense electrode connected to a voltage preamplifier of gain G with a cable capacitance of C c , the output voltage of the preamplifier will be
T He , G, C s , and C c are all measurable and so, with a known value of Q, Eq.1 provides a direct means by which to measure the hot electron temperature. Measuring Q for SSE above a helium film presents a number of challenges. Instead, we rely on the fact that for a non-degenerate 2DEG, the thermopower can be expressed generally as Q = − k B e (β/k B T e −2−r) [29] where k B is the Boltzmann constant e is the charge of an electron, β is the chemical potential and r is the characteristic exponent of the energy, E, dependent momentum relaxation rate, τ (E) = τ 0 E r . In the temperature and density regimes of the experiments in this paper, it is e ≈ 172µV /K. This considerably large value of Q ensures that a measurable signal should be generated by minor thermal gradients.
To perform this measurement, we use a microchannel device [30] diagrammed in Fig.1b . Transport is confined to 70 parallel 8 µm wide channels all connected by an additional microchannel traversing the center of the device. The device sits ∼ 0.5 mm above the surface of bulk helium and the channels fill by the capillary action of Helium-4. The channel geometry is defined in a 0.5 µm thick layer of hard baked photoresist which is covered by a 0.1 µm thick guard electrode of sputtered, metallic Niobium-Silicon (NbSi) [31] yielding 0.6 µm deep channels. Beneath the microchannels, five additional NbSi electrodes denoted reservoir A and B, heater A and B and sense are defined above a sapphire substrate, shown in blue, green, and red, respectively, in Fig.1b . The length of the reservoir electrodes, l r = 860 µm and the lengths of the heater and sense electrodes, l h and l s respectively, are 300 µm. Adjacent electrodes are separated by a gap of 0.5 µm.
Much of the electrical transport in this device can be characterized from the resistance per unit length, R l , of the SSE, and the capacitance per unit length, C l of the SSE to the underlying electrodes. We begin by calculating these quantities from measurements of the device admittance, Y = Y x + iY y , using the circuit shown in the inset of Fig.2a with the transmission line equations of a rectangular microstrip [32] . A 5 kHz AC voltage of amplitude 3 mV is applied to reservoir A and the induced current is detected with a current amplifier connected to reservoir B with the heater and sense electrodes grounded at 0 V. At a helium bath temperature of T He = 1.6 K, electrons are emitted from a filament with the dc bias of the guard V gu set to −0.2 V until the film is saturated as measured from the dc voltage applied to the sense electrode needed to deplete the above SSE [33] . We measure the density dependent admittance by sweeping the dc bias of the guard to V gu = −0.06V thereby removing electrons from the microchannels and moving them to the thin helium film above the guard electrode [34] where they are effectively localized. The results are shown in Fig.2a .
In Fig.2b we show the values of C l and 1/R l calculated numerically from the real and imaginary components of the admittance. For guard voltages below −0.1 V, C l ≈ 9 nF/m in close agreement with expectations from the geometry, C l = 0 70×8µm 0.6µm ≈ 8.7 nF/m where 0 is the permittivity of free space and is the relative dielectric constant of helium. Above V gu = −0.1 V, the capacitance vanishes abruptly as the charged area of the microchannels is reduced while the SSEs are depleted.
The values of C l are of utility to calculate several important parameters. In particular, we can use C l to calculate the capacitances of the SSE to underlying elec-trodes. Specifically, C s of Eq.1 is l s C l . Further, with the assumption that the SSE potential is defined by V gu [34] , the density, n e of SSE on the device can be calculated from the integral of these capacitance measurements and the geometry of the channels. The values of n e are shown in the inset of Fig.2b .
In Fig.2b , we also plot 1/R l of the electron layer. 1/R l shows two distinct behaviors separated at V gu = −0.12V . For V gu > −0.12 V, 1/R l grows linearly as V gu becomes more negative. In the region V gu < −0.12 V, 1/R l is a constant value of ∼ 0.75 m/GΩ. The linear behavior of 1/R l for V gu > −0.12 V reflects the increase of SSE density in the microchannels as V gu becomes more negative leading to an increasing conductance. At more negative V gu one might anticipate that 1/R l should continue to increase and as such, the near constant value of the conductance below V gu = −0.12 V is unexpected. We suggest that the constant value of 1/R l reflects a density dependent suppression of the mobility. Using the values of n e determined above, at V gu = −0.12 V the areal density is n e = 3.5 × 10 8 cm −2 and the mobility, µ = 22 × 10 3 cm 2 /Vs and at V gu = −0.2 V, n e = 1.1 × 10 9 cm −2 and µ = 7.5 × 10 3 cm 2 /Vs. A similar density dependent µ has been measured for electrons on bulk helium [35] .
We now turn our attention to the primary objective of this work, measuring electron heating. We use the circuit drawn in the schematic in the inset of Fig.1a . To heat the electrons above the helium bath temperature, we apply an amplitude modulated waveform v in,a(b) (t) = sin(2πf c t)(1 + sin(2πf m t)) to both heater a and b with V 0,a = −V 0,b = 12.5mV. The electrons are driven by the high frequency component of the heating voltage (f c ) and their average temperature is modulated at the frequency, f m = 3.6kHz. For f c f m , this setup generates the time dependent resistive heating in the SSE above the sense electrode of P in (t) = I(t) 2 R s = ( I0 2 sin(2πf c t)(1 + sin(2πf m t)))
2 R s where R s = R l l s is the resistance of the 2DEG across the sense gate and (2) is the amplitude of the current passing through the 2DEG at the center of the sense gate with
. Because of the symmetric geometry of the heater gates, the magnitude of the current remains nearly constant across the entire sense region allowing us to accurately estimate P in while only evaluating I 0 at a single point. The resultant hot electron temperature signal at the sense gate is brought to a room temperature voltage amplifier of gain G = 30 using a cable with a measured capacitance of C c = 147 pF.
The measurement of electron heating is initiated by emitting electrons at V gu = −0.2 V. At the densities associated with this guard voltage, we assume electrons are well thermalized to the helium bath temperature and thus we zero offsets of ∼ 10µV due to the non-ideal heating waveform which capacitively couples to the sense electrode. The resultant hot electron signal is measured while sweeping V gu until the microchannels are depleted. We repeat this process for several values of f c and show the results in Fig.3 . For all values of f c , V out increases at low SSE densities. Near V gu = −0.12 V, the increase in V out slows, then abruptly drops between V gu = −0.1 V and −0.09 V with the depletion of the 2DEG. The separate measurements show qualitatively similar behaviors, though the magnitude of V out increases with increasing f c . The qualitative features of V out are consistent with the earlier characterization of the microchannel device with the inclusion of a −22 mV shift in V gu which developed after thermal cycling between measurments.
Finally, with these values of V out we can use Eq.1 for precise, quantitative thermometry. In Fig.4 , we plot values of T e (f m ) − T He extracted from the measurements in Fig.3 against the amplitude of the power per electron applied at the modulation frequency P (f m )/N e = I 2 0 R s /4. In the same plot, we include the predictions from the models of vapor atom scattering [4] (G) and 2-ripplon scattering [7] (2r) and their sum. These results are obtained by inserting P in (t) into the seperate energy relaxation models to determine T e (t) − T He and then numerically calculating the Fourier component of the re-sult at f m yielding T e (f m ) − T He . Though the exact theoretical treatment of 2-ripplon scattering remains an open question, we follow Ref. [7] as it has previously provided results in reasonable agreement with experimental measurements [9, 10] . We simplify the analysis by assuming electrons populate only the ground state subband for vapor atom scattering and by setting the holding field E ⊥ = 0 V/m for 2-ripplon scattering. These two simplifications alter the prediction of T e (f m )−T He by less than the uncertainty of our measurements. Finally, we estimate that for the experimental conditions of this work the electronic thermal conductance of the 2DEG from Wiedemann-Franz Law is not significant with respect to the previously described relaxation mechanisms and thus we disregard it in our analysis.
There are several notable features of our measurements. Initially striking is the close overlap of the measurements for different values of f c . The reproducibility of these measurements under different conditions indicates that the measured signal is explicitly a function of P in /N e which provides confidence that our measurements are not the results of spurious sources given the non-linear relationship between I and P in . Further, holding P in /N e constant for different values of f c requires R l , C l and N e to adjust in a non-trivial manner, thus demonstrating that the characterization presented above provides an accurate description of our device and that our calculation of the applied power is appropriate.
Further confidence in the validity of these measurements is drawn from a comparison to the theoretical predictions for energy relaxation. The qualitative features and the quantitative values of the measurements of T e (f m ) − T He are in reasonable agreement with the values predicted from the sum of vapor atom scattering and 2-ripplon scattering. We emphasize that our analysis does not include any adjustable parameters which might artifically improve the comparison.
The predicted values of T e (f m ) − T He are approximately 50% larger than the measurements. This discrepancy is unsurprising. The predictions used here are made for SSE on bulk helium while our measurements are performed on a microchannel device. These distinct conditions may require different treatments to satisfactorily describe the inelastic scattering in the system. From these measurements we are unable distinguish from which source of inelastic scattering this discrepancy arises because the two contributions are of similar magnitude. This uncertainty may be resolved in future work by performing measurements at lower temperatures at which the 2-ripplon scattering dominates.
These measurements illustrate several key advantages of decoupling electron thermometry from non-linear transport. Principally, we have probed the electron temperature without the need a detailed model of electron mobility. While the estimate of Q relied on the knowledge of r, this is a much weaker requirement than knowing the exact functional relationship between µ and T e . Of additional advantage, use of the Seebeck effect has allowed for hot electron thermometry in a regime which cannot be probed with non-linear transport. For SSE on helium at 1.6 K, the mobility does not change from the equilibrium value until electron temperatures are nearly 10 K. Nevertheless, utilizing the Seebeck effect has allowed us to probe energy relaxation at electron temperatures which are less then 1 K above the helium bath temperature.
These advantages may prove crucial in answering open questions regarding the fundamental nature of energy relaxation of SSE. In particular, there is uncertainty regarding the appropriate theoretical treatment of 2-ripplon scattering. While experimental results have provided initial characterization of 2-ripplon energy relaxation [9, 10, 25] , more detailed studies under a range of experimental conditions are necessary to achieve definitive conclusions.
In summary we have developed a new technique to probe the electron temperature of SSE above superfluid helium. Using the Seebeck effect, we have performed electron thermometry from simple voltage measurements. We have used this technique to measure the energy relaxation of SSE on a microchannel device at 1.6 K where both vapor atom scattering and 2-ripplon scattering contribute. We find that our measurements in approximate quantitative agreement with simplified models of electron energy loss. These results demonstrate that the Seebeck effect provides a flexible and effective means by which to measure the hot electron temperature of SSE.
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